To clarify the interaction between hippocampal g g-aminobutyric acid (GABA) A receptor and N-methyl-Daspartate (NMDA) receptor in the retention of spatial working memory, the effects of muscimol, (؉)MK-801, cyclosporin A and combined use of these drugs were studied on the retention of spatial working memory in a delayed spatial win-shift (SWSh) task. Intrahippocampal injection of muscimol at a dose of 3 nmol/side caused a significant decrease in the number of correct choices and an increase in the number of across-phase errors. On the other hand, (؉)MK-801 showed no significant effect on the number of correct choices, across-phase errors and within-phase errors, even at a dose of 1.5 nmol/side; however, (؉)MK-801 1.5 nmol/side significantly potentiated the effect of muscimol observed at a dose of 3 nmol/side on the number of correct choices and across-phase errors. Cyclosporin A at a dose of 3 nmol/side, which showed no effect when used separately, significantly potentiated the effect of muscimol observed at a dose of 3 nmol/side. These results indicate that hippocampal NMDA receptors regulate the effect of spatial working memory induced by muscimol. In addition, calcineurin may be involved in muscimol-induced impairment of memory retention.
It is well known that hippocampal g-aminobutyric acid (GABA) A and N-methyl-D-aspartate (NMDA) receptors play an important role in spatial memory. Intrahippocampal injection of muscimol, a GABA A receptor agonist, impaired retrieval in the water maze task in rats. 1) de Lima et al. 2) also reported that posttraining intrahippocampal injection of muscimol resulted in short-term memory impairment in object recognition. Intrahippocampal injection of (ϩ)MK-801 or 2-amino-5-phosphonopentanoic acid (AP5), an NMDA receptor antagonist, also resulted in spatial memory deficits in radial arm maze performance in rats. [3] [4] [5] [6] [7] [8] In contrast, Yoshihara and Ichitani 8) reported that posttraining intrahippocampal injection of AP5 showed no impairment of the retention of working memory in the delay-interposed radial maze. The discrepancy between the above two findings might be attributable to the difference in the measurement method for spatial memory.
On the other hand, in in vitro studies, it has been reported that hippocampal GABA A and NMDA receptors have a close interaction. For example, the activation of NMDA receptor by NMDA or glutamate application resulted in suppression of the GABA A receptor response in hippocampal pyramidal cells and cerebellum granule cells, and this effect was mediated by the activation of calcineurin via NMDA receptor. [9] [10] [11] [12] In in vivo studies, therefore, NMDA receptor may also interact with GABA A receptor in the retention of working memory.
The delayed spatial win-shift (SWSh) task is appropriate to investigate the effects of drugs on the retention of spatial working memory 8) ; therefore, using this method, we first examined how long rats can store and utilize information about their own responses to efficiently obtain a reward left in the maze. Next, to clarify the interaction between GABA A and NMDA receptors in the retention of working memory, we studied the effects of muscimol, (ϩ)MK-801 and the combined use of these drugs on a delayed SWSh task in a radial arm maze. Malenka 13) reported that a small rise in Ca 2ϩ via the NMDA receptor channel causes preferential activation of calcineurin. In in vitro studies, as shown previously, the participation of calcineurin was reported in the response of GABA A receptor. Therefore, in order to clarify the involvement of the calcineurin signaling pathway in the interaction between GABA A and NMDA receptors, we studied the effects of cyclosporin A, a calcineurin inhibitor, and the combined use of muscimol and cyclosporin A on the retention of a delayed SWSh task in a radial arm maze.
MATERIALS AND METHODS

Animals
Male Wistar rats, 6 weeks old (body weight 160-180 g) were purchased from Japan SLC (Shizuoka, Japan). All animals were maintained in an air-conditioned room with controlled temperature (24Ϯ2°C) and humidity (55Ϯ15%). They were housed in aluminum cages with sawdust and under a 12 h light-dark cycle (lights on from 7:00 to 19:00 h). Before the behavioral test, the body weight was maintained at 80-85% of their free-feeding weight, and then the animals were kept on a restricted diet during the experiment. Water was given ad libitum. All procedures involving animals were conducted in accordance with the Guidelines for Animal Experiments at Okayama University Advanced Sciences Research Center.
Drugs The following drugs were used: muscimol (Sigma, St. Louis, MO, U.S.A.), (ϩ)MK-801 hydrogen maleate (Sigma) and cyclosporin A (Sigma). Cyclosporin A was dissolved in dimethyl sulfoxide (Sigma) and diluted in saline before use. The concentration of dimethyl sulfoxide was 7.5%. The other drugs were dissolved in saline. Eight-Arm Radial Maze Task The apparatus was described in our previous paper. 14, 15) First, to familiarize them with the radial maze, rats received one daily habituation session for 2 d prior to training. Food pellets (45 mg each, BioServ; A Holton Industries, Frenchtown, NJ, U.S.A.) were scattered over the entire maze surface, and 3 rats were simultaneously placed on the radial maze and allowed to take pellets freely. The procedure of the SWSh task was as follows. [16] [17] [18] The delayed SWSh task consisted of 2 phases, a training phase and a test phase. In the training phase, food pellets were placed in the food cups of all 8 arms, with 4 of 8 arms randomly chosen in each trial blocked by guillotine doors. At the start of each phase, the rat was placed in the center of the platform and allowed to explore the maze to retrieve the pellets from the 4 open arms. Following the training phase, the rat was removed from the maze and returned to its home cage for the delay period. In the test phase, all arms were opened, but food pellets were placed in only the arms that were blocked during the training phase. The test phase was ended when each rat had retrieved the 4 food pellets, or 5 min had elapsed. Rats were trained in a 0-min delay task (they were placed in the home cage and immediately returned to the maze) in the first 3 trials. Next, 10-min and 30-min delay tasks were trained for 3 trials each and then a 1-h delay task was trained until rats made at most 1 test-phase error per trial for 5 successive trials.
Interaction between Hippocampal g g-Aminobutyric
Re-entry into any arms that had been previously visited was regarded as an error. The number of correct choices in the first 4 choices and the errors during the test phase (testphase error), and running time per choice (defined as time taken to complete the test phase/number of choices made) were recorded. Test-phase errors were further divided into across-phase and within-phase errors. An across-phase error was defined as entry into the 4 arms open during the training phase, while a within-phase error was defined as re-entry into any arms that had been previously visited in the test phase.
Surgery The rats were anesthetized with sodium pentobarbital (Nembutal ® , 35 mg/kg, intraperitoneally (i.p.); Abbott Laboratories, North Chicago, IL, U.S.A.), and fixed on stereotaxic apparatus (SR-5; Narishige, Tokyo, Japan). Guide cannulas made of stainless steel tubing (outer diameter, 550 mm) were implanted into the bilateral dorsal hippocampus (A: Ϫ3.8, L: Ϯ2.2, H: 2.4) according to the atlas of Paxinos and Watson. 19) At least 7 d were allowed for recovery from surgery.
Intrahippocampal Injection Stainless steel injection cannulas (o.d. 300 mm, length 11.0 mm) were connected using a polyethylene tube to a Hamilton syringe (Hamilton Co., Reno, NV, U.S.A.). Drug solution or saline (1 ml) was injected into the hippocampus through the injection cannula. The injection rate was 0.5 ml/min with an injection pump (Bee Syringe Pump MF-9090; Bioanalytical System Inc., U.S.A.). The injection cannulas were left in place for a further minute after the injection to facilitate drug diffusion.
Delay Test Several delay times were interposed between the training phase and the test phase. Delay lengths were 1, 2, 4, 8 and 24 h. In the 24 h delay, only water was available in the home cage.
Effects of Muscimol, (؉)MK-801 and Cyclosporin A in the Delayed SWSh Task The SWSh task with 2-h delay was used in this experiment and was trained preoperatively. Postoperative training was conducted using the same criterion as preoperative training. In drug tests, muscimol, (ϩ)MK-801 and cyclosporin A were bilaterally injected into the dorsal hippocampus immediately after the training phase. Drug-free trials were carried out between each drug test until rats had made at most 1 error in 2 successive trials.
Histology The rats were anesthetized with sodium pentobarbital (Nembutal ® , 35 mg/kg, i.p.; Abbott Laboratories) and perfused transcardially with 10% formaldehyde neutralbuffered solution (Wako, Osaka, Japan). The brains were removed and placed in 10% formaldehyde neutral buffer solution for 3 d, and the lesion area was removed. The sections were embedded in paraffin, sectioned (4 mm) coronally, and stained with hematoxylin and eosin. Lesion positions were checked under the microscope and reconstructed according to the atlas of Paxinos and Watson. 19) It was confirmed that all cannulas were inserted in the dorsal hippocampus accurately.
Statistical Analysis One-way analysis of variance (ANOVA) with the Kruskall-Wallis test or Mann-Whitney U-test was used for correct choices and errors. One-way ANOVA with Dunnett's test was used for running time per choice. A difference of pϽ0.05 was regarded as significant.
RESULTS
Effect of a Delay on Radial Maze Performance
We used a delay time of various lengths (1, 2, 4, 8, 24 h) after the training phase. Correct choices (F(4,70)ϭ10.8) gradually decreased and across-phase errors (F(4,70)ϭ19.8) also gradually increased in a delay-dependent manner. When the duration of the delay was more than 8 h, correct choices significantly decreased and across-phase errors significantly increased compared with 1-h delay time; however, withinphase errors (F(4,70)ϭ2.19) did not significantly change at all delay times (Fig. 1) .
Effects of Intrahippocampal Injection of Muscimol, (؉)MK-801 and Combined Use of These Drugs on the Delayed SWSh Task
The number of trials to achieve the criterion in the delayed SWSh task was 31.3Ϯ0.9. Effects of muscimol and (ϩ)MK-801 were studied in the delayed SWSh task with 2-h delay and the results are shown in Table  1 . Intrahippocampal injection of muscimol at doses of 0.3 and 1 nmol/side showed no significant effect compared with the control group; however, muscimol at a dose of 3 nmol/side produced a significant effect on the number of correct choices (F(3, 56)ϭ7.26) and across-phase errors (F(3, 56)ϭ4.33), but not the number of within-phase errors (F(3, 56)ϭ4.32). On the other hand, (ϩ)MK-801 at all doses showed no significant effect on the number of correct choices (F(3, 56)ϭ0.16), across-phase errors (F(3, 56)ϭ0.55) and within-phase errors (F(3, 56)ϭ0.00). Next, the effects of combined use of muscimol and (ϩ)MK-801 were studied; the results are shown in Fig. 2. (ϩ) MK-801 at a dose of 1.5 nmol/side significantly potentiated the effect of muscimol observed at a dose of 3 nmol/side in the number of correct choices (F(2, 42)ϭ5.61) and across-phase errors (F(2, 42)ϭ 7.38).
Effects of Intrahippocampal Injection of Muscimol, Cyclosporin A and Their Combined Use on the Delayed
SWSh Task Intrahippocampal injection of cyclosporin A at doses of 0.3, 1 and 3 nmol/side showed no significant effects when used separately ( Table 2 ). The effects of the combined use of muscimol and cyclosporin A were studied and the results are shown in Fig. 3 . Cyclosporin A at a dose of 3 nmol/side significantly potentiated the effects of muscimol observed at a dose of 3 nmol/side in the number of correct choices (F(2,39) ϭ1.02) and across-phase errors (F(2,39)ϭ 6.24).
Effects of Intrahippocampal Injection of Muscimol, (؉)MK-801, Cyclosporin A and Their Combined Use on Running Time per Choice Intrahippocampal injection of muscimol, (ϩ)MK-801 and cyclosporin A had no significant effect on running time per choice in the delayed SWSh task. Combined use of muscimol and (ϩ)MK-801 or cyclosporin A also showed no significant effect (Table 3) .
Histology Figure 4 shows the representative histological location of the hippocampal injection cannula. All cannula tips were inserted accurately into the dorsal hippocampus. 
DISCUSSION
In the delayed SWSh task, we first studied the effect of the delay time. As a result, spatial working memory in this task showed no significant change with a delay up to 4 h. Although no significant effects were observed, the numbers of correct choices and across-phase errors tended to decrease or increase, respectively, with 4-h delay time; therefore, we used a 2-h delay time in the present study.
Next, we studied the effects of muscimol, (ϩ)MK-801and cyclosporin A in the 2-h delay SWSh task. Drugs were injected into the dorsal hippocampus immediately after the training phase. Intrahippocampal injection of muscimol at a dose of 3 nmol/side showed a significant effect on the number of correct choices and across-phase errors, but not in the number of within-phase errors. In contrast, intrahippocampal injection of (ϩ)MK-801 had no significant effect on the number of correct choices, across-phase errors and withinphase errors at the doses used in the present study. It is generally accepted that across-phase errors are an index for the memories stored in the training phase, whereas within-phase errors are an index of the memories stored in the test phase. 8) It was clear that muscimol impaired the retention of spatial working memory, because the drug caused a decrease in the number of correct choices and an increase in the number of across-phase errors. Muscimol alone and combined use of (ϩ)MK-801 or cyclosporin A showed a tendency to increase the number of within-phase errors; however, no significant difference was observed. As shown in Figs. 2 and 3 , acrossphase errors were increased significantly by these treatments. We thought that a slight increase in within-phase errors was accompanied by an increase in across-phase errors. These results are in agreement with previous reports that posttraining intrahippocampal injection of muscimol resulted in impaired retention of short-term memory.
2) As shown in the text, (ϩ)MK-801 had no significant effect on the number of correct choices, across-phase errors and within-phase errors. Almost identical findings have been reported that posttraining intraperitoneal (ϩ)MK-801 administration or intrahippocampal injection of AP5 and phencyclidine, NMDA receptor antagonists, showed no impairment of the retention of shortterm memory and working memory. 20, 21, 8) In the present study, it was found that (ϩ)MK-801 potentiated the effects of muscimol on the retention of spatial working memory. Similar results have also been reported; for instance, Aversano et al. 22) reported that (ϩ)MK-801 potentiated the effect of ethanol on memory consolidation in the 
